Documentary and sediment records (diatoms, chrysophyte stomatocysts, plant pigments, carbon and nitrogen, metals and mineral magnetics) were used to reconstruct environmental changes in the high alpine lake Gossenköllesee (Tyrol, Austria) (1688 -1701 AD and 1820 -1850, as indicated by a high C/N ratio, metals and mineral magnetics.
INTRODUCTION
Anthropogenic and climatic changes have significantly influenced high alpine lakes over many centuries. Meadows and pastures above the timberline have been used for cattle breeding since neolithic times. During the Bronze Age irrigation and increased deforestation reflected intensified cattle farming, culminating in perennial high altitude settlements during medieval times. The pronounced influence of long-term human impacts is best documented by the present timberline, which is located below its natural level in large parts of the Alps (Patzelt et al. 1997; Wick & Tinner 1997) .
Climate fluctuations recorded by pronounced glacier advances and retreats have also significantly influenced alpine ecosystems (Patzelt 1973; Grabherr et al. 1994; Wick & Tinner 1997) . Remote alpine lakes are sensitive indicators of these changes Sommaruga-Wögrath et al. 1997; Koinig et al. 1998 ) and palaeolimnological rec??ords in these lakes are one of the most important sources of information about long term changes. As many proxies as possible are used to gain as much information as possible, to provide a better understanding of the complex interactions in these ecosystems. Gossenköllesee (Tyrol, Austria) was selected for interdisciplinary palaeolimnological studies within the MOLAR (MOuntain LAkes Research) project. Documentary and sediment records (diatoms, chrysophyte stomatocysts, plant pigments, carbon and nitrogen, metals and mineral magnetics) from these studies are presented here and used to reconstruct the environmental history of the lake during the past 800 years.
SITE LOCATION
Gossenköllesee is located in Kühtai, Central Alps (47°13'46''N, 11°00'51''E), situated above the present timberline (2417 m a.s.l.; Fig. 1 ). Boulders dominate the bed of the lake. Only areas below approx. 9 m water depth consist of soft sediments (Zaderer 1982; Fig. 1) . The catchment consists of granite, gneiss and amphibolite. Only 10% of the catchment is covered with soil and vegetation (alpine grass, heather; Heisberger 1988) . In summer, these areas are used for sheep farming. The lake has diffuse, temporary in-and outflows. It is only moderately sensitive to acidification (Wögrath 1995) . Lake characteristics are summarised in figure 1.
MATERIAL AND METHODS
Four cores were taken from the deepest part of the lake (Fig. 1) , using a Kajak corer, and sub-sampled immediately after coring. For details of the coring, subsampling and analyses performed on each core see table 1.
Chronology and core correlation
Core GKS2 was dated by 210 Pb, 226 Ra, and 137 Cs. Measurements of these radionuclides were carried out by direct gamma assay, using Ortec HPGe GWL series well-type coaxial low background intrinsic germanium detectors (Appleby et al. 1986; Appleby et al. 1992) . The 210 Pb chronology was calculated using the CRS dating model (Appleby & Oldfield 1978) and its validity assessed using the methods described in Appleby & Oldfield (1983) , Appleby et al. (1991) , Appleby (1993) , Appleby (1998) .
Dates of cores GKS3 and GKS5 were estimated either by correlation with GKS2 using a sequence slotting procedure based on the LOI (loss-on-ignition) data (Thompson & Clark 1989) , or, in the case of GKS95, by applying an average accumulation rate, derived from cores GKS1, GKS2, GKS4 and GKS5 (Koinig et . Dates were extrapolated assuming constant sedimentation rates.
Mineral magnetics
Room temperature magnetic measurements were made on freeze-dried 0.25 cm contiguous samples in the depth range 0-30 cm in plastic film using a vibrating sample magnetometer, pulse magnetisers and spinner magnetometer. This procedure provided continuous measurements of magnetisation in DC fields 0-1 T and remanence measurements following fields of 1 T, -20 mT., -100 mT and -300 mT with calculation (cf. Thompson & Oldfield 1986; Dearing et al. 1998; Walden et al. 1999 ) of the following mass specific or ratio mineral magnetic parameters and ratios: (-100 --20 mT) remanence (IRM 100-20 mT; IRM 100-20 mT%) -Mass specific and per cent hard (-300 mT) remanence (HIRM; HIRM%)
Iron and manganese
Total iron was measured as Fe 2 O 3 , total manganese was analysed as MnO, using WDXRFA (wavelength dispersive X-ray analysis) with powder pellet technique.
Carbon and nitrogen
Carbon and nitrogen were measured on a dried and weighed sub-sample using a CHN analyser (Carlo Erba, model 1106).
Pigments
Pigment analyses were performed on weighed subsamples of ca 0.5 g wet weight. Pigments were extracted overnight with 90% acetone, according to Lami et al. (1994) and Lami et al. (2000) . The suspension was centrifuged at 4000 rpm for 10 minutes. The supernatant was analysed for total pigments (chlorophylls and their derivatives, CD; total carotenoids, TC) with a spectrophotometer. An aliquot of the same acetone extract was injected in an HPLC system for measuring single specific carotenoids. Chlorophyll derivatives were expressed as spectrophotometric units per gram organic matter (U gOM -1 ) (Guilizzoni et al. 1983) . The total and the single carotenoids were expressed as mg gOM -1 and nmoles gLOI -1 , respectively (Züllig 1985; Lami et al. 2000) .
Diatoms & Chrysophytes
Samples were cleaned following standard methods, described by Battarbee (1986) . After cleaning, the samples were split for diatom and chrysophyte analyses.
Diatom samples were embedded in Naphrax and counted in phase contrast and bright field, using Leitz Laborlux S microscope with Plan Apo 100, 1.32 Oel and Plan Apo 63, 1.40 Oel. A minimum of 120 valves were counted in continuous samples and of 500 valves in non continuous samples (1 cm interval). Taxonomy followed Krammer & Lange-Bertalot (1986 and Wunsam et al. (1995) .
For chrysophyte analysis, a minimum of 200 cysts per sample were counted in SEM (Jeol JSM-35), following the procedure described in Kamenik et al. (2000) .
Numerical analyses
Biostratigraphical zones were detected by Constrained Incremental Sum of Squares cluster analysis (CONISS, Grimm 1987) . Changes in the diatom and chrysophyte assemblage compositions were illustrated by Detrended Correspondence Analysis (DCA; detrending by segments). DCA is the preferred method, because the sample scores are scaled as 'standard deviation units' of compositional change (Birks 1998) . The influence of environmental factors that may have caused changes in the species composition were traced with Principal Components Analysis (PCA, ter Braak 1995) .
Diatom and chrysophyte stomatocyst data were square root transformed for all analyses. All available transformations were applied to pigment data in CONISS, and only consistent zone boundaries were selected. The statistical significance of zone boundaries Tab. 1. Details on coring, sub-sampling and analyses performed on each core. and ordination axes was tested by the broken stick model (Jollifer 1986; Grimm 1987; Jackson 1993 ).
RESULTS

Chronology
In GKS2, equilibrium of total 210
Pb activity with the supporting 226 Ra, corresponding to ca150 years accumulation, was reached at a depth of about 9 cm.
226 Ra activity was relatively constant throughout the core, with a mean value of 58 Bq kg -1 . Unsupported 210 Pb activity reached its maximum value at a depth of 2.5-2.75 cm below the sediment surface, though there was little significant reduction throughout the top 4.25 cm. Below 4.5 cm, unsupported 210 Pb concentrations declined more or less exponentially with depth, suggesting relatively uniform sedimentation rates in the older sediments.
The 137 Cs activity versus depth profile had a well-resolved peak at 2.0-2.75 cm. A small peak in 214 Am activity at 3.5-4.25 cm, coupled with a small shoulder on the 137 Cs profile at the same depth, identifies these sediments as dating from ca1963, the year of maximum fallout from the atmospheric testing of nuclear weapons. Thus the 137 Cs peak at 2.0-2.75 cm almost certainly rec??ords fallout from the 1986 Chernobyl accident.
The results of the CRS dating model, given in figure  2A , put 1986 at a depth of 2.25-2.5 cm, and 1963 at a depth of 3.75-4.0 cm, in excellent agreement with the 137 Cs and 241 Am dates. Below 4.5 cm, dated 1951, sedimentation rates appear to have been slow but very uniform for more than a century. The mean value for this period is calculated to be 0.0022±0.0002 g cm -2 y -1 (0.036 cm y -1 ). Since then sedimentation rates have increased to present day values of 0.013 g cm -2 y -1 . Extrapolated dates (below 8.5 cm) have been calculated using the uniform sedimentation rate of 0.0022±0.0002 g cm -2 y -1 . Estimated and extrapolated dates for GKS3, GKS5 and GKS95 are given in figure 2B. Dates were extrapolated assuming a constant sedimentation rate of 0.034 cm y -1 , 0.036 cm y -1 and 0.041 cm y -1 , respectively. Details on core correlation and chronology are described in Koinig et al. (2000) .
Sedimentology and Geochemistry
Mineral Magnetics
The sediments of Gossenköllesee are magnetically weak. The most pronounced changes among the magnetic parameters could be found in SIRM and SOFT%. These parameters, showing increasing concentrations and proportions of stable single domain 'magnetite' or 'hematite' upcore, separated the core into two sections: a rather stable section below 10 cm and a section of increasing SIRM and decreasing SOFT% above 10 cm (Fig. 3) .
Core section 17-14 cm as well as 2-0 cm were characterised by an increase in χ para . Highest values of χ para and HIRM were found from 7 to 6 cm. An increase in HIRM was detected between 13 and 7 cm (Fig. 3) . Am stratigraphy. Also shown are sedimentation rates calculated using the CRS model. B: Estimated dates, obtained from sequence slotting (GKS3, GKS5) and from applying an average accumulation rate (GKS95), and extrapolated dates, assuming a constant sedimentation rate (arrows).
Iron and Manganese
Iron and manganese showed a similar trend (Fig. 3) . In the lower core section (>12.7 cm) values for iron and manganese were very close to or below detection limit. The highest values of iron and manganese were found between 7.0 -8.8 cm. There were no marked changes in the Fe/Mn ratio.
Carbon and Nitrogen
Total carbon varied between 10-25% DW, and total nitrogen between 1.5-4.0% DW. Both were well correlated throughout the core (R = 0.84, P <0.01). The most pronounced changes were found between 22 cm and 19 cm, where carbon and nitrogen declined dramatically from the highest to the lowest concentrations (Fig. 3) .
The C/N ratio varied between ca 6 and 10, illustrating mainly autochthonous production of organic matter.
Lowest values were found between 28 cm and 14 cm (Fig. 3) . A high correlation between carbon and loss-onignition (R = 0.93, P <0.01) indicates organic carbon as major component.
Bioindicators
Pigments
The presence of labile chlorophylls and carotenoids (e.g. peridinin, fucoxanthin) and the independent measurement of the index 430 nm:410 nm (Guilizzoni et al. 1992; Lami et al. 2000 , this issue) revealed good pigment preservation throughout the core. In most parts of the core concentrations of chlorophylls and some carotenoids (e.g. β-carotene, lutein) were similar to those found in moderately productive lakes, although phaeopigment concentrations were always higher.
In agreement with CONISS results the pigment profile was split into 4 zones (Fig. 4 - the zone boundary at 14 cm was set as a result of changes in the C/N ratio, in χ para and in iron and manganese concentrations; the zone boundary at 3.1 cm was set because of changes in the C/N ratio).
In zone 1 there are high concentrations of almost all pigments. The zone boundary at 28.8 cm is characterised by a sharp decline in ß-carotene, alloxanthin, lutein and echinenon. Zone 2 generally shows slightly higher pigment concentrations than zones 3 and 4. The zone boundary at 21.2 cm is set by a marked decrease of lutein, chlorophyll-b, astaxanthin and rhodopinal, which reached high values towards the top of zone 2. Zone 5 is characterised by lowest pigment concentrations. Since high concentrations of pigments in the uppermost layers of zone 6 might have been caused by different pigment preservation, as shown by the higher concentration of labile pigments (e.g. chlorophyll-a, chlorophyll-b, chlorophyll-c, dinoxanthin, fucoxanthin, oscillaxanthin, myxoxanthophyll and peridinin), no zone boundary was established.
Diatoms
A total of 67 different diatom species were found in Gossenköllesee. Fifty-seven of these taxa reached species abundance >1% in at least one sample and were used for further statistical analysis. The diatom stratigraphy is shown in figure 5 . Because the broken stick model did not indicate significant zone boundaries for diatom assemblages, zones in figure 5 were set according to pigment, C/N, χ para , iron and manganese data. Dominant diatom taxa (of the genera Cyclotella and Fragilaria) did not show clear trends in the zones 2, 3, 5, 6 (zone 1 was not included in the core). In zone 4 Cyclotella gordonensis and Fragilaria brevistriata showed a clear increase and Fragilaria X-large lapponica (an unknown Fragilaria) showed a clear decrease from the bottom to the top of the zone. Fragilaria oldenburgiana first appeared in zone 4.
The first two DCA axes explain 18.8% of the variance in the diatom percentage data (Fig. 6) . The two axes divide the core into two zones with the boundary at 10.5 cm (in agreement with the boundary of zone 4 to zone 5). As a result of the short gradient lengths of the significant DCA axes (<1.2 standard deviations), PCA Fig. 3 . Profiles of SIRM, SOFT%, χ para , HIRM, carbon, nitrogen, C/N ratio, iron and manganese. Zone boundaries were set according to a combined interpretation of all results.
was used to detect the diatom species causing the separation of the two core sequences. All four axes are significant, explaining 34% of the total variance. The following taxa are correlated mainly with PCA axis 2 which separates the lower core section from the upper one: Cyclotella gordonensis, Nitzschea pura and Achnanthes minutissima, with higher numbers in the upper core section; and Fragilaria X-large lapponica, Fragilaria robusta, Fragilaria elliptica, Fragilaria construens subsalina, and Fragilaria pseudoconstruens, prevailing in the lower core section.
Chrysophytes
Thirty-six stomatocyst types (with a minimum occurrence >3% in at least one sample) were found in the sediment core. Fourteen types were described as new, together with the stratigraphic distribution illustrated by Kamenik et al. (2000) . DCA indicates one significant axis, explaining 15.4% of the variance (Fig. 6) . CONISS distinguished two zones, with a significant boundary in 10.25 cm.
DISCUSSION
Zone 1 (<ca 1200 AD)
In this zone the highest concentrations for most of the pigments were observed, indicating high productivity. High alloxanthin concentrations, originating from cryptophytes, might indicate reduced ice cover (Smol et al. 1991) . A decrease of the C/N ratio towards the top might have been caused by an increased input of nitrogen. 
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M y x o x a n t h o p h y l l 50 150 C a n t h a x a n t h i n 150 A s t a x a n t h i n . Pigment stratigraphy: non-specific pigments (chlorophyll derivatives, total carotenoids, β-carotene chlorophyll-a and phaeophytin-a), cryptophyta (alloxanthin), chlorophytes (lutein, chlorophyll-b), chrysophyta (fucoxanthin, diadinoxanthin, chlorophyll-c, dinoxanthin), cyanobacteria (echinenone, zeaxanthin, oscillaxanthin, myxoxanthophyll, astaxanthin), pigments indicating grazing (astaxanthin, phaeophorbides), sulphur bacteria (isorenieratene, rhodopinal, okenone, OH-spheroidene) and pyrrophytes (peridinin). Grey areas show data 3 times exaggerated. Zone boundaries were set according to a combined interpretation of all results. Pollen analysis has shown that there has been continuous human influence in Kühtai since Roman times (Hüttemann & Bortenschlager 1987) . Historical archives from 1303 AD (Stolz 1930) report intensive sheep and cattle farming in Kühtai. In Tyrol these socalled "Schwaighöfe" were established during the 12 th century, with pastures up to 2500 m a.s.l. (Patzelt 1996; Patzelt et al. 1997) . The onset of glacier retreat during the 10 th /11 th century (Patzelt 1973) supports the hypothesis that there would have been an increase in productivity as a result of both in-lake production and the input of nutrients from pasture at high altitude.
Zone 2 (ca 1200 -ca 1450 AD)
Impact of climate and human influence are assumed to overlap in this zone, as in zone 1: the C/N ratio remained low, probably as a result of nitrogen input from pastures (Stolz 1930) . Significant nutrient input is indicated by chrysophyte stomatocyst assemblages, described from slightly meso-to eutrophic lakes . Nutrient input, however, was not coupled with catchment erosion. This is indicated by low values of mineral magnetic parameters indicative of detrital paramagnetic and canted antiferromagnetic minerals (χ para , HIRM), iron and manganese.
Pigment concentrations fluctuated in zone 2, starting with a minimum in the lower part and increasing towards the top. Minimum pigment concentrations, dated approx. 1250 -1270 AD, coincide with a pronounced glacier advance (Patzelt 1973) . Pigment peaks of green algae (lutein, chlorophyll-b) correlate with prominent peaks in carbon and nitrogen. Anaerobic photosynthetic bacteria (e.g. rhodopinal, isorenieratene) may have been favoured by organic matter accumulation. This event, dated 1430 AD, coincides with glacial retreat, as reconstructed for nearby Hintereisferner (Nicolussi 1994) .
Zone 3 (ca 1450 -ca 1670 AD)
The main difference from the former zone was assumed to be a change in the food web by fish stocking: Arctic charr (Salmo trutta morpha fario L.) was introduced to Gossenköllesee, most probably at the end of the fifteenth century (Pechlaner 1966) . The decrease in alloxanthin (cryptophytes) and canthaxantin (grazers) points to a significant removal of grazers by fish (Leavitt 1993; Vinebrooke & Leavitt 1999) . The decline of carbon and nitrogen illustrates loss of organic material either as a result of the metabolic activity of fish (Elliot 1976) or fishing.
Zone 4 (ca 1670 -ca 1770 AD)
Winter temperatures declined in the 1670s, and from 1688 -1701 AD a pronounced cold period was observed (Pfister 1985) . Since the "Schwaighof" was sold to the Earl of Spaur in 1675 AD, farm management around Gossenköllesee probably changed (Stolz 1930) .
A peak in the C/N ratio, an increase in iron and manganese and slightly higher χ para indicates input of material from the catchment.
Zone 5 (ca 1770 -ca 1975 AD)
The trend of increased catchment erosion, starting in zone 4, culminated in zone 5. Peaks in C/N ratio, iron and manganese concentrations, χ para and HIRM indicate high levels of allochthonous material around 1870 AD. Peaks occur at slightly different times, possibly due to different sediment sources (Dearing 1999) , or dating inaccuracy from sequence slotting. Erosion is also illustrated by an increase in zirconium concentrations (Koinig unpublished) . The comparatively small increase in the C/N ratio (Kaushal & Binford 1999) may be caused by the low area/volume of soil in the catchment (ca 10% of the catchment area; Heisberger 1988).
Pigment concentrations were at a minimum, indicating low productivity. This finding is supported by a significant change in the chrysophyte stomatocyst assemblage composition to types observed under oligotrophic conditions . The "Schwaighof" near Gossenköllesee was abandoned no later than 1890 AD (Stolz 1930) .
In sum these environmental changes might have been affected by a less favourable climate ("Little Ice Age": marked advance of alpine glaciers 1820 -1850 AD; Patzelt 1973) and re-oligotrophication by a less intensive use of alpine pastures (Stolz 1930 , Paldele 1994 ).
Zone 6 (ca 1975 -present day)
An increase in pigment concentration towards the sediment surface may indicate an increase in in-lake productivity, as a result of recent climate warming (Beniston et al. 1997) , even if it might also be due to the presence of non degraded pigments, as evidenced by the high concentrations of labile pigments and of the ratio 430:410 nm Guilizzoni et al. 1992; Leavitt 1993) . A decrease in the C/N ratio suggests an increase in autochthonous production.
The increase of χ para indicates that erosion processes were further enhanced after ca 1993. The increase of SIRM may indicate an influx of minerogenic material containing 'hematite' but alternatively may be caused by magnetotactic bacteria that produced single domain 'magnetite'.
CONCLUSIONS
The history of Gossenköllesee during the last 800 years reveals complex interactions between anthropogenic impacts and climate. Alpine pastures, which were intensively used during medieval time, supplied nutrients, which raised in-lake production. Fish stocking, which started at the end of the 15 th century, has influenced the food web. During phases of temperature de-cline, in-lake production was reduced and erosion increased. These processes reach a culmination during the period of glacier advances in 1820 -1850 AD. Because a similar trend was not observed during cold periods prior to ca 1670 AD, it appears that in-lake production during these times was more influenced by changes in land-use than by climatic factors.
